Introduction
The nitration of tyrosine residues in proteins has become a well recognized reaction, but has been heavily disputed with regard to the mechanisms involved and its physiological and/or pathophysiological significance (1) (2) (3) (4) (5) . Peroxynitrite (PN) generated from nitric oxide (NO) and superoxide (
− ) can react with Tyr or Tyr-containing proteins under formation of 3-nitrotyrosine (3-NT) (6) (7) (8) but in general the required concentrations are higher than expected to occur in vivo. have even questioned the significance of PN as a cellular nitrating agent and have proposed nitrite / hydrogen peroxide as an alternative pathway with myeloperoxidase as a catalyst (11, 12) which may indeed apply for certain proteins. In case of PN it has not been considered that PN can be activated by transition metal ions which may then catalyze the self-nitration of metalloproteins at low PN levels. We have recently provided evidence for this reaction for heme-thiolate (P450) proteins (13) (14) (15) which therefore may serve as a model for the P450 protein PGI 2 -synthase.
PGI 2 -synthase was inactivated by micromolar PN concentrations (16, 17) but also by a continuous generation of NO and
• O 2 − from SIN-1 (18) . In cellular systems the inhibition of nitration by a NO-synthase inhibitor and polyethylene glycolated superoxide dismutase (SOD)
provided evidence for the involvement of PN, whereas nitrite was ineffective (18) . Since NO and PGI 2 are important for the endothelial barrier function the formation of PN and the nitration of PGI 2 -synthase could play a role in the process of endothelial activation for adhesion and emigration of white blood cells into the tissue (19) . Interestingly, PGI 2 -synthase was found localized to the caveolae like endothelial NO-synthase (20) and hence PN formation may occur in close vicinity to PGI 2 -synthase. This localization in a "quasi-extracellular" compartment may be a further important factor for efficient nitration by low concentrations of PN.
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Beyond this physiological background no proof for the molecular basis of enzyme inhibition has been hitherto obtained by identification of nitrated tyrosine. Substrate analogs of prostaglandinendoperoxide have been recently shown to inhibit the nitration (17) which suggested a proximity to the heme attached to the protein by the Cys-441 residue (21) (22) (23) ; however, previous attempts have been unsuccessful to detect and identify the nitrated tyrosine. In this study we present molecular evidence for the specific nitration of bovine PGI 2 -synthase at tyrosine-430 by high resolution Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry (24) , and the presence of 3-NT upon extended pronase digestion. We further show an unusually slow digestion by thermolysin, presumably due to a tight fold around the heme, to release a tetrapeptide by an unexpected specific cleavage adjacent to the nitrated tyrosine residue.
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Experimental procedures
Materials
Pronase from Streptomyces griseus (lyophilized powder) was obtained from Roche Diagnostics (Mannheim, Germany). Thermolysin, type X from Bacillus thermoproteolyticus rokko was purchased from Sigma (Steinheim, Germany). All other chemicals were of analytical grade or highest purity available. Peroxynitrite (PN) was a gift from Dr. Koppenol (ETH Zürich, Switzerland), and was synthesized from NO and potassium superoxide according to Kissner et al. (25) . P450 BM-3 (CYP 102), F87Y variant from Bacillus megaterium was a kind gift from J. A.
Peterson (Dallas, TX, USA) and was purified as described (26) .
A rabbit polyclonal antibody against PGI 2 -synthase was produced according to Siegle et al. (27) .
A mouse monoclonal antibody against 3-NT (anti-NT, clone 1A6) was obtained from Upstate Biotechnology (Hamburg, Germany) as a stock solution of 1 mg/ml. Secondary antibodies (goat anti-mouse IgG and goat anti-rabbit IgG) were obtained from Pierce (Rockford, Illinois, USA) (stock solutions 0.8 mg/ml). The enhanced chemiluminescence (ECL) kit and nitrocellulose transfer membranes (Hybond C, pore size 0.5 µm) were purchased from Amersham (Braunschweig, Germany). PGH 2 was obtained from Cayman Chemical, Ann Arbor, MI, USA).
Preparation of bovine aortic microsomes
Endothelial and smooth muscle layers from 8-10 freshly received bovine aortae were isolated by dissection at 4°C, rapidly frozen in liquid nitrogen and stored at -70°C. Frozen strips were homogenized at 0-4 o C in a Waring blender in 100 mM K-phosphate buffer, pH 7.5, containing 7 10-20 mg/ml. The homogenization buffer contained 50 mM K 2 HPO 4 , pH 7.5, without additional protease inhibitors.
Peroxynitrite treatment of microsomes
Reaction with PN was carried out with microsomes since active enzyme is required for nitration and further purification steps involving denaturating detergents partially inactivate the protein.
PN (10 µl) at a defined concentration was quickly added by thorough Vortex mixing to an icecold microsomal suspension (990 µl, total protein concentration 1 mg/ml in 50 mM K-phosphate buffer, pH 7.5). Controls were treated with decomposed PN (24 h at room temperature).
Activity test for 6-keto-PGF 1α
The activity for PGI 2 formation of PN treated microsomes was tested by incubation of 100 µl microsomal suspension (1 mg protein / ml) in 100 mM potassium phosphate buffer (pH 7.4) with Prior to staining with a second antibody the membrane was stripped by incubation in stripping buffer (62.5 mM Tris-HCl, pH 6.7, 2 % (w/v) SDS, 100 mM 2-mercaptoethanol) under gentle shaking for 60 min at 70°C. After washing and blocking, the membrane was incubated with a mouse monoclonal antibody against 3-NT at a dilution of 1 µg/ml, followed by a HRPconjugated goat anti-mouse antibody at a dilution of 1:7500. PGI 2 -synthase samples were always stained first with the PGI 2 -synthase antibody, then stripped one or two times before staining with the NT-Ab, to ensure complete denaturation for recognition of nitrated protein.
Isolation of nitrated prostacyclin synthase
Separation of PGI 2 -synthase from microsomal membranes and solubilization was performed by adding 1 % (v/v) Triton X-100 to aortic microsomes. The suspension was stirred for 2 h at 4°C, then centrifuged for 1 h at 100,000 x g to yield a clear yellow supernatant. Since SDS-PAGE is 9 hampered by the high actin concentration (about 80-90 % of total protein) in microsomes, actin was partially removed by precipitation with 15 mM CaCl 2 for 1 h at 4°C and centrifugation of the precipitate for 5 min at 10,000 x g. Since Triton X-100 interfered with SDS-PAGE in subsequent purification steps, detergent was removed by extracting with chloroform and Vortex mixing for a few seconds (29) . After centrifugation for 30 min at 3000 rpm, the organic and aqueous phases were recovered. Proteins precipitated at the interphase as a solid white layer, and remaining chloroform was removed by evaporation. Proteins were then solubilized in SDS-containing electrophoresis buffer (25 mM Tris, 192 mM glycine, 0.1 % (w/v) SDS).
Preparative SDS-PAGE
Proteins were treated with Laemmli sample buffer for 5 min at 95°C and then separated by 10 % (v/v) SDS-PAGE (100 mA, 5 h) on preparative gels (160 mm x 165 mm, thickness 1.5 mm).
Reverse staining by imidazole-zinc was applied for visualisation of bands (30) . Gels were equilibrated for 15 min in 100 ml 0. 
Pronase digestion of nitrated PGI 2 -synthase and HPLC analysis of 3-nitrotyrosine
Samples of 100 µl of electroeluted PGI 2 -synthase were treated with different concentrations of PN (0, 10, 50, 100 and 250 µM), were heated for 10 min to 95°C, then mixed with 10 mM CaCl 2 to stabilize proteases. After addition of pronase (1 mg/ml) the samples were incubated for 24 h at 40°C, then another 1 mg/ml pronase was added and incubated again for 24 h at 50°C. Digestion was repeated with a third and fourth portion (0. were extracted several times with 0.1 % TFA/acetonitrile for 24 h, lyophilized to dryness and analyzed on the above described HPLC system. A C 18 Nucleosil-100-3 125 x 4.6 column from
Sequence Determination
Sequence determination of the isolated peptide was achieved by Edman amino acid sequencing.
N-terminal Edman degradation was performed on an Procise HT sequencing system, model 494
(Perkin-Elmer Applied Biosystems, Weiterstadt, Germany), fitted with an online, narrow-bore HPLC-based amino acid analyzer which utilized a 220 x 2.1 mm C 18 reversed-phase column held at 55°C in a column heater oven. Released phenylthiohydantoin (PTH) amino acid derivatives from each cycle were separated under the recommended binary gradient conditions using 3.5 % tetrahydrofuran in water (buffered with sodium phosphate, pH 4.5; solvent A) and 10 % 2-propanol in acetonitrile (unbuffered; solvent B). Prior to sequence determination, samples of peptides were applied to a biobrene-treated glass fiber disk and allowed to dry in a stream of argon. Reagents, operating software, and protocols were used as described from the instrument manufacturer. Chromatographic identification of the UV signals was done by reference to the retention times and the absorbance of a PTH standard run. PTH amino acids display characteristic UV spectra with an absorbance maximum at 269 nm.
Peptide Synthesis
The nitrated tetrapeptide LKNY(nitro) was synthesized on a semiautomated peptide synthesizer (EPS-221, Abimed) using SPPS Fmoc chemistry methods (33) characteristic absorbance at 365 nm, from which the position of the 3-NT could be identified (13, 14) .
Since the postulated mechanism (35, 36) suggested that only active PGI 2 -synthase can be nitrated, bovine aortic microsomes were first nitrated with increasing concentrations of PN and then the enzyme was isolated by gel electrophoresis (Fig. 1) . Western blot analyses shown in Fig.   1 provided identical, specific bands at approx. 52 kDa up to a concentration of 500 µM PN which were stained by a polyclonal antibody against PGI 2 -synthase, and a monoclonal antibody against 3-NT, while higher concentrations than 500 µM caused unspecific additional staining of other proteins. The control also stained weakly which probably was due to the presence of some atherosclerotic plaques in bovine arteries (37) .
Figure 1
A clear concentration dependence of PN on the extent of nitration was found up to 250 µM which was at variance with the high affinity seen with the isolated enzyme (16, 17) , but may be explained by competitive targets for PN in the microsomal fraction. Indeed, when aortic microsomes were added to P450 BM-3 (MW 116 kDa) as a model protein for PGI 2 -synthase its Tyr-nitration was sharply decreased (Fig. 2) . Since the concentration of PGI 2 -synthase on the gel is very low its nitration hardly shows. If microsomes were treated with DTNB to block SHgroups their inhibitory effect is much less (data not shown) indicating that in microsomes protein thiols compete for PN and therefore higher PN concentrations are required as with the isolated enzyme.
Figure 2
Previous studies with other P450 proteins and with model proteins (13, 14, 38) (Fig. 3, lane D) . The protein band was excised and subjected to proteolytic digestion using trypsin and mass spectrometric proteome analysis by MALDI-TOF as well as high resolution FT-ICR (39) (data not shown), which yielded unequivocal peptide fragment identification of the PGI 2 -synthase sequence.
However, no NT-containing peptides or other modified peptide sites were detected by these mass spectrometric data (see Table 1 ). With low abundance, ATP-synthase (56 kDa) and peptide ions due to additional (unidentified) contaminating proteins in very low amounts were found by protein sequence data base analyses (SwissProt database; data not shown). The contaminating proteins were estimated to account for maximally 20-30 % of the protein band (see Fig. 3 ).
Figure 3
The isolated protein was subjected to pronase digestion under conditions that should lead to quantitative release of the 3-NT residue for HPLC analysis. Initial digestion for 12 h provided positive Western blot staining with an NT-antibody but did not yield detectable 3-NT by HPLC, although nitrated BSA as a reference protein was completely digested under these conditions (Fig. 4A) . However, prolonged digestion for 72 h provided the complete liberation and HPLC detection of 3-NT after the lag phase of ca. 12 h, suggesting a decreased accessibility for degradation in the microenvironment of the nitration site (Fig. 4A) . A quantitative estimation of 3-NT ( 
Figure 4
The isolated PGI 2 -synthase was subjected to proteolytic digestion with trypsin under a variety of conditions, followed by mass spectrometric peptide mapping using both MALDI-TOF-MS and MALDI-FTICR-MS (Table 1) . These studies provided the detailed characterization of the primary structure of the protein; however, HPLC analysis of the digestion mixture did not result in any peptide with an absorption at 365 nm indicative for nitrated tyrosine. Experiments with other proteases (Asp-N, Lys-C or pepsin) had also shown not to be successful. Based on the experience with pronase digestion, thermolysin was then selected as a protease under comparatively extensive digestion conditions (24 h, 50 o C). At these conditions a distinct, abundant peak was found in the PN-treated protein by HPLC at 365 nm with a retention time of approx. 31 min (Fig. 5C ). Typical peptide patterns were obtained at 220 nm, suggesting that a large portion of the protein had been digested (Fig. 5B, 5D) . A small peak was also observed in the untreated control enzyme, confirming a small basal nitration of PGI 2 -synthase (Fig. 5A ).
Figure 5
The HPLC-isolated peptide was analyzed by ESI-FTICR-MS ( (Table 1) . Additional proof for the nitration at Y430 came from Edman microsequencing which yielded the sequence, LKN-Y(nitro), using 3-NT as a standard and the FT-ICR mass spectrum of the synthetic tetrapeptide in the carboxamide form (Fig. 6B) . Table 1 Figure 6
Discussion
In this study we present the definite, molecular identification of the nitration of PGI 2 Our results provide definite proof for Tyr-nitration by PN which has been questioned repeatedly (9) (10) (11) (12) . The specificity of this posttranslational modification may be provided by the heme catalysis involved which allows the exclusive nitration of Tyr residues closely located to the heme (17) . The low levels of PN originating from the reaction of NO and Our results also shed some light on the reactivity of PN in biological systems which has been a matter of debate in recent literature. Due to its short life time of less than 1 s under physiological conditions one cannot define an affinity for PN and a given target since the effective concentration for PN varies with other potential targets present and their concentration. Hence, using isolated PGI 2 -synthase it was easy to obtain nitration and inhibition of activity at submicromolar levels of PN (16, 17) , however with a complex mixture of macromolecules present in microsomes substantially higher PN concentrations are required. This is evident from our data which show in microsomes no Tyr-nitration other than in PGI 2 -synthase up to about 250 µM. By eliminating reactive thiol groups by DTNB the sensitivity of PGI 2 -synthase for nitration was increased. It is known that PN is an efficient oxidant for zinc finger proteins (41) and in the presence of metal ions further potential targets may compete for reaction with PN. Despite this straightforward explanation, the observation that micromolar PN can nitrate PGI 2 -synthase in whole endothelial (17, 42) or mesangial cells (42) is not readily understood. A possible clue to this phenomenon may be the recent observation that PGI 2 -synthase is mainly located to the caveolae at the outer cell membrane (20) . Thus, added PN may find PGI 2 -synthase as a target before the complex and antioxidative environment of the cell will compete. The fact that endothelial NO-synthase is found in the same compartment suggests that the generation of NO and its reaction with Another still open question is the reversibility of the nitration. The presence of a denitratase has been postulated but could not yet be established (44, 45) . From own observations (unpublished)
there may be indeed a recovery of PGI 2 -synthase activity which is faster than new protein synthesis. If this would turn out as a process involving denitration a new redox-regulatory mechanism would be established. But even without this reversibility the superoxide mediated trapping of NO with a concomitant downregulation of PGI 2 -synthase, followed by TxA 2 / PGH 2 receptor activation, represents a key event in our understanding of endothelial activation (5). by guest on 
